ABSTRACT
INTRODUCTION
FLASHOVER of insulators under contaminated conditions has been the limiting factor for outdoor power delivery since the early days of transmission [1] . Various national and international standard organizations have developed standards to evaluate this aspect in the laboratory [2] . The tests are fairly elaborate and incur significant labor and cost. Good theoretical models for calculating the flashover voltage are valuable as they can permit engineers to make reasonable predictions over a wide range of operating conditions, insulator shapes and materials, thereby enhancing the value of information obtained from laboratory tests and field experience.
Among composite insulator housing materials presently used, the silicone rubber family is one that is known to maintain a water repellant or hydrophobic surface for long periods of time. Leakage current is distinctly lower on hydrophobic materials; consequently they are able to withstand the applied voltage for much higher levels of contamination than hydrophilic materials such as traditional porcelain and glass. Other polymeric materials such as ethylene propylene diene monomer (EPDM) rubber and epoxy are hydrophobic when they are new, but this property diminishes with time in service [3] . There have been attempts to blend silicone polymers into EPDM rubber and epoxy with the idea of enhancing the time for which the surface is hydrophobic.
There is a school of thought that strongly feels that in fairly benign locations; advantage can be taken of surface hydrophobicity to reduce the leakage distance of insulators using these materials when compared to hydrophilic materials. In contaminated locations, use of insulators with additional creepage is known to provide satisfactory operation and increase the time duration between maintenance practices like cleaning. Good theoretical models can help in quantifying the improvement.
REVIEW OF FLASHOVER MODELS
Several researchers have worked to make useful contributions to this subject and have been summarized in reference paper [4] . However, there are several key shortcomings in the models presently available. The models assume that there is an initial arc across a dry band and the arc propagates if the voltage gradient (or the electric field) of the pollution layer (E p ) is greater than the arc gradient (E arc ).
The equations of E arc and E p used are shown below [4] :
Where, A and n-arc constants R pu -the pollution resistance per unit length I -the leakage current It can be seen that as the current increases, E arc will decrease and E p will increase. So once E arc is smaller than E p , (1) (2) it will always be so as long as the current is increasing. That means as once the arc starts to propagate, it does not stop.
In reality, when voltage is applied on wet and contaminated insulator, the current causes Ohmic heating to form a dry band [5] . If the dry band length is sufficiently long the current will decrease and the arc is extinguished. Another scenario for arc extinction is if the polluted surface is hydrophobic, the current will then be too small to establish a dry band [6] .
On insulators energized with ac, the voltage distribution under dry conditions along the insulator is determined by the capacitance of the insulator and stray capacitances to the tower (ground). Under wet conditions the voltage distribution is dominated by the surface resistance of the wet insulator, and is essentially linear prior to the initiation of dry band arcing [5, 7] . Even if the pollution layer is uniform the presence of regions with different diameters on the insulator gives rise to different current densities. The narrow regions with the higher current densities dry up first [7] . The location of this dry band is usually near the energized end because of the higher electric field there. The width of the dry band alters until the electric field across it is equal to the electric field required to initiate a surface discharge. Most of the discharges across the dry bands are extinguished, but occasionally one could grow to cause flashover [8, 9] .
Thus, in order to better simulate the flashover process of flashover, new criteria have to be introduced. In this paper criteria have been included to check if dry bands can be formed and if the arc is able to bridge the dry band in order to continue propagation. Information of insulator shape (inclination, diameter and spacing of sheds) and material are also taken into consideration in the program. The flashover progress is modeled mainly in three stages: (1) The formation of "initial arc", (2) Arc propagation on surface (E arc <E p ), and (3) Dry band formation and arc bridging.
The model is applicable for insulator energized with ac voltage as all experimental data has been obtained with ac voltage.
MODEL DETAILS
The resistance of the polluted insulator is determined by the form factor calculated from the data of insulator geometry [2] .
Where, L-the total creepage distance p(l)-the circumference at partial creepage distance l dl-the increment of integration
The power dissipated in the pollution layer due to Ohmic heating must be greater than the rate of moisture deposition on the polluted surface to form dry bands [10] . The power dissipation per square meter (W/m 2 ) is given by:
Where, R-the radius of the insulator.
The power per square meter (or the power density) necessary to evaporate a unit mass of water is:
Where, L-Latent heat of vaporization water = 2270 J/g [10] W r -Wetting rate (g / m 2 · s)
The length/width of the initial dry band is calculated based on the electric field required to initiate a discharge in the air [9] . An assumption made here is that the dry band supports most of the supply voltage, as the dry band resistance is much higher than the wet part of the insulator.
If the arc is able to bridge the dry band, it will jump, but if the resulting current is not able to sustain the arc, it will become unstable and extinguish. Based on literature the minimum value of current for sustaining the arc is in the range 2-8 mA [6] .
The program checks if E arc < E p for arc propagation. The electric field distribution on the surface is used to determine the power dissipation. The voltage distribution on a contaminated surface varies from the capacitive distribution of a dry surface to a resistive one on a uniformly wet surface [11, 12] .
The voltage distribution was determined by a 3-Dimensional modeling software package "Coulomb" [13] . A 25 kV class (15 kV line to ground) standard post type porcelain insulator shown in Figure 1 was modeled under both dry and wet conditions. For the wet case, the simulation was performed with 1mm thickness water layer having conductivity of about 5 μs / cm, which is close to the rain water. The dimensional details of the insulator are shown in Table 1 . The results of the electric field calculations are shown in Figure 2 . A distribution midway between these two extremes in Figure 2 was used. An equation was generated to fit the voltage distribution by a program (Origin®). By taking derivative of the equation, the expression for the surface electric field distribution was obtained and is shown in Figure 3 . As an illustration, let us assume that there is a certain thickness of water on the insulator. The amount of water that can be evaporated in a given time is calculated from the electric field distribution, wetting rate, leakage current, insulator (primarily the shank or narrow part) diameter and the latent heat value. If this exceeds the assumed thickness then a dry band is formed. The time used in the program is in the range of 1 to 7 minutes and is obtained from the clean-fog flashover experiments. The time is dependent on the wetting rate, contamination severity and insulator geometry. The program will use the supply voltage to check if the dry band can be bridged. If the dry band cannot be bridged (this happens on insulators with large shed spacing), the program introduces another criterion that will increase conductivity of the pollution until the leakage current reaches 8mA. If the current is big enough, it will quickly dry out the area where the water film is thin, but if the electric field on the dry band is adequate it will be bridged by the arc.
CONVERSION FROM CONDUCTIVITY TO
ESDD The relationship of ESDD and layer conductivity is different for materials with different wettabilities. For the same ESDD, the surface resistance values are much lower for hydrophilic materials like porcelain, EPDM and epoxy than silicone rubber whose surface is hydrophibic [14] . Experiments were conducted to investigate the relationship between the ESDD and surface resistance, in a fog chamber using conditions specified by the IEEE Task Force on surface resistance measurements [15] . The results were used to convert conductivity to ESDD in the program. The measurement was conducted on three types of insulators listed in Table 2 . Figure 4 shows the schematic of different samples tested in the fog chamber [15] . The measurements were done for 2-3 sheds at a time that were separated by adhesive aluminum bands. The silicone rubber and EPDM samples were obtained as new samples and after 5 years of exposure in the field (near Chicago, USA). A porcelain line post insulator was chosen for reference. The average diameter of the porcelain insulator is bigger than the composite insulators. The aged silicone rubber samples were still hydrophobic but EPDM samples had lost their hydrophobicity. The measured ESDD and corresponding surface resistance value is shown in Table 3 . Much of the data in this Table is from the reference paper [16] .
The pollution resistance can be calculated using the following equation [2] :
Where, L-the leakage distance Rpu -the pollution resistance per unit length Using the program to calculate the form factor for the measured insulator section with given geometry, the layer conductivity can be calculated accordingly.
The measured resistance values from Table 3 were converted to conductivities using the above method. There is a linear relationship between ESDD and layer conductivity [2, 17] . Curves were generated by Origin® to obtain the relationship between ESDD and conductivity. The results are shown in Figure 5 . 
ROLE OF MATERIAL
Simulation was performed for the 25 kV class (15 kV line to ground) standard post type porcelain insulator (Figure 1 ). Figure 7 shows the relation between the flashover pollution severity and the applied voltage while varying the material of the insulator. The experimental data shown in Figure 7 corresponds to flashover experiments for contaminated post type insulator that was wetted with fog created by ultrasonic nebulizer. The contamination level was varied by changing the proportions of kaolin and salt in the slurry. The simulation results of material porcelain and EPDM show good agreement with the experimental data. The figure also shows the predicted ESDD value for flashover is much higher if the material of the insulator changed from EPDM to silicone rubber.
Housing materials can be classified as "active" or "inert". Materials that retain and recovery their hydrophobicity for a long time, such as silicone rubber, belong to the active category. Other polymer families such as EPDM and epoxy, and porcelain belong to the inert (or passive) category. For the same ESDD, the surface resistance values are much lower for inert materials than for active materials [15] . Table 4 shows the measured surface resistance under wet conditions for different values of ESDD. For the same ESDD value, the resistance of silicone rubber is roughly 3.5 times of EPDM. For the purpose of predicting the performance of materials with varying degrees of hydrophobicity, the calculations have been performed for materials with resistance values that are 1.5, 2 and 2.5 times the resistance of EPDM. The simulation was conducted on a post type insulator with similar shape as shown in Figure 1 . The dimensional details of the insulators modeled are shown in Table 5 . Figure 9 shows the flashover performance for insulators with identical geometry but with housing materials made from different materials. 
ROLE OF SHAPE
The shape of the insulator is known to affect the pollution severity that it can withstand. Simulation was conducted on three types of insulator design shown schematically in Figure  10 . The housing material was assumed the same (EPDM) in all insulators. The leakage distances of the three insulators were also assumed to be the same. The geometrical details of the insulators are shown in Table 6 . Figure 11 shows the results of the calculations. It is shown that if the material, leakage distance and voltage are fixed, the suspension insulator design has best performance followed by the post and the pin type designs.
Due to the formation of dry bands on the narrow parts (shank) of insulator, the shed spacing can affect the insulator performance. Simulation was conducted on two insulators with different shed spacing as shown in Figure 12 . All other aspects of the insulators were assumed to be identical.
The details of the insulators are shown in Table 7 . Figure 12 . Schematics of the two insulators with same leakage distance but different shapes Figure 13 shows that the insulator with big shed spacing has much better performance than insulator with small shed spacing. This is because big shed spacing insulator allows a longer dry band on the shank. It requires higher current to bridge the dry band and flashover. Simulation was also conducted to compare insulators with different materials and dimensions. The details of the insulators simulated are shown in Figure 14 and Table 8 . Figure 14 . Schematics of the two insulators Figure 15 shows that the flashover performance of a silicone rubber insulator with 3 big and small sheds is better than the EPDM insulator with 5 big and small sheds. This is assuming that the silicone rubber remains hydrophobic and the EPDM rubber hydrophilic. In practice it is normal to keep the clearances (or the connection length) the same, irrespective of the insulator type used. If the silicone rubber insulator shown in Figure 14 were to be of the same height as the EPDM insulator then its performance would be even better than shown in Figure 15 due to the larger spacing between the sheds. 
CONCLUSIONS
This paper presents a model that can determine the pollution severity (in terms of ESDD) at which flashover occurs for a given system voltage for various types of practical insulator configurations. The model makes some improvements over existing models such as introducing the dry band formation and considering the insulator material effect on the pollution flashover. The model is shown to be applicable to both ceramic and composite insulators, which is an advancement over existing models. The model predictions show good agreement with experimental results.
